Abbreviations: ABA = abscisic acid; CHI = cycloheximide; GA 3 = gibberellic acid; IAA = Indoleacetic acid; Ki = kinetin; Ki-NRA = NRA induced by Ki; NO^-NRA = NRA induced by NOj; NR(A) = nitrate reductase (activity); NUR = nitrate uptake rate; PGR = plant growth regulator.
INTRODUCTION
Nitrate utilization by annual higher plants includes a variety of processes, starting with nitrate uptake by root tissue and ending with the accumulation of nitrate-nitrogen as such or in reduced form, in various organs of the mature plant. Nitrate uptake and the enzymatic reduction of nitrate are two key steps in the pathway of NO7 utilization. Uptake determines if and how much nitrate can be utilized and nitrate reduction is usually the rate-limiting step in the conversion of NO7 to organic nitrogen (Beevers and Hageman, 1969) .
In dwarf bean, uptake and reduction of NOj" appear to be subject to substrate induction (Breteler, Hanisch ten Cate, and Nissen, 1979) . At the onset of nitrate nutrition, the induction of both processes proceeds in the roots independently of the shoot (Breteler and Hanisch ten Cate, 1980) . Our investigation into initial processes of nitrate utilization could therefore be restricted to the root system. The rates of uptake and reduction, however, depend on the supply of carbohydrates via the phloem (Hanisch ten Cate and Breteler, 1981) .
Phytohormones have been implied in a large variety of plant characteristics, such as the activity of enzymes (Jacobsen, 1977) , including nitrate reductase (Borriss, 1967) . Cytokinins and gibberellins are able to induce nitrate reductase activity in the absence of nitrate in various plant tissues (Knypl, 1979) . Both cytokinins and nitrate cause de novo synthesis of NR enzyme, as inferred from density labelling experiments (Hirschberg, Hiibner, and Borriss, 1972; Kende and Shen, 1972) . In Agrostemma githago embryos, NO^ and benzyladenine have an additive effect on NR induction and the cytokinin effect is not mediated by NOj availability (Kende, Hahn, and Kays, 1971) . Based on a comparative inhibitor study of the enzymes induced by NOj or cytokinin, Kuznetsov, Kuznetsov, and Kulaeva (1979a) proposed two independent induction processes. In mung bean roots however, exogenous cytokinins, naphthaleneacetic acid and gibberellins fail to stimulate NR and, at high concentration, some PGR's adversely influence NRA development in the presence of nitrate (Higgins, Goodwin, and Carr, 1974) .
Effects of PGR's on ion uptake have been reported and appear to vary largely among ions, tissues, species and regulators. Comprehension of the action of PGR's on ion uptake by roots is still in its infancy (Van Steveninck, 1976) and to our knowledge, no data on the interaction between plant growth regulators and nitrate uptake are available.
The purpose of the present work was to study the effect of a number of PGR's on nitrate reduction (NRA) and nitrate uptake in bean roots, to assess a possible hormonal regulation of these two processes, and to find out whether a concerted hormonal effect on these key steps in nitrate utilization exists.
MATERIALS AND METHODS
Phaseolus vulgaris L. cv. Witte Krombek was germinated in perlite and grown unnodulated on an aerated, liquid basal medium for 7 d. The plants were then transferred to a basal medium supplemented with Ca(NO 3 ) 2 or plant growth regulators, as described for each experiment. The basal medium comprised K + 4, Mg 2+ 1, Ca 2+ 0-5, Cl~ 3, H 2 PO7 2, SO 2 ." 1 mmol dirr 3 and trace elements as given by Breteler et al, (1979) . The pH of the solution was maintained at 50 ± 01 with dilute KOH and H 2 SO 4 , supplied by an automatic titration device. The supply of NO7 and PGR's to plants growing on the basal medium did not cause major changes in medium pH. After one week, the primary leaves were expanded, and the leaflets of the trifoliate leaves were smaller than 20 mm. Germination, cultivation, and experiments were done at 20 ± 0-5 °C, 65 + 5% r.h. and a 16 h photoperiod (Philips fluorescent lamps TLM 140W/33 at 30 Wm" 2 ).
Nitrate uptake was assayed by ambient depletion and nitrate reductase activity by an anaerobic in vivo method using intact root systems submerged in a NOj-containing phosphate buffer (Breteler et al., 1979) . Root NRA presented the bulk of total plant NRA during the initial 6 h of nitrate nutrition (Breteler et al., 1979) and the in vivo assay was in good agreement with the rate of in situ reduction of NOj (Breteler and Hanisch ten Cate, 1980) . Unless stated otherwise. PGR's were supplied before and during NOj supply.
Results are expressed per unit of dry root mass. All treatments comprised three replicates with at least three plants each. The experiments were repeated at least twice and data of representative experiments are presented.
RESULTS

Time-course ofNOj uptake
At a pretreatment concentration of 5 //mol dm"
3 , none of the tested regulators drastically influenced the shape of the time-course of nitrate uptake (Fig. 1) . A lag-phase of about 6 h invariably occurred in all treatments. Relatively slower initial uptake was observed with ABA, IAA and the ethylene-releasing compound 'Ethephon'. With kinetin, the initial uptake rate (as 3 )-Nitrate was given at t = 0, 0-1 mmol dm" 3 . For absolute uptake rates, see Table 2 . In all treatments, the uptake rate at t = 6 h was maintained for several hours. The data are expressed as % of the uptake rate at t = 6 h, for each treatment.
% of the constant rate after 6 h) decreased at increasing concentration (0-3-10 //mol dm" 3 , Table 1 ).
Nitrate uptake rate
Consistent with the time-course of uptake, the steady state rates of NOj absorption were not drastically affected by pretreatments with regulators ( Table 2 ). The uptake rate was unaffected by Ethephon, GA 3 and IAA, and inhibited by ABA and the cytokinins, zeatin and kinetin. None of the PGR's tested stimulated NO7 uptake. After kinetin pretreatment at several concentrations, the uptake rate fell proportional with the Ki concentration (Table 1) . A similar inhibition of NO7 uptake occurred without time lag in NO j-induced plants (Fig. 2) . The latter plants were in a steady state of NO7 uptake.
Nitrate reductase induction
The cytokinins, zeatin and kinetin, and GA 3 were able to induce substantial NRA in roots in the absence of nitrate (Table 3) . Pretreatment with IAA, ABA and Ethephon did not induce enzyme activity. During the initial 6 h of nitrate supply, root NRA increased equally in all treatments, except for Ethephon (Table 3) . Nitrate and PGR's thus had an additive effect on root NRA, while the stimulation by ethylene was only exerted in the presence of NO7.
Kinetin-induced NRA
Among the tested regulators, kinetin was the most potent inducer of nitrate reductase in NO^-free roots (Table 3) . Some properties of kinetin-induced NRA were examined and compared with NO^-induced NRA. Maximum induction was achieved at a kinetin concentration of about 1 //mol dm~3 (Fig. 3) , and the induction showed a lag time of at least 6 h (Fig. 4) . Ki-NRA was additive to NOj-NRA for at least 24 h (Table 3, Fig. 5 ). After 24 h, NO7-NRA had attained a constant level (Breteler et al., 1979) and the value of Ki-NRA was about 20% of NOj-NRA (Fig. 5) . Supply of Ki to NOj-induced plants resulted in a similar additional NRA, with a 3-6 h lag phase (Fig. 6) . ABA counteracted the effect of Ki on NRA development (Table 4) independent experiments, between 6 and 24 h after Ki supply. (Table 3) . Cycloheximide, an inhibitor of de novo protein synthesis, and tungstate, a specific NR inhibitor, were equally effective to suppress the development of NRA by Ki or NOj (Table 5 ). Both types of NRA development, are thus probably accounted for by the de novo synthesis of a molybdoprotein, indicative for the involvement of genuine higher plant nitrate reductase (Hewitt, 1975; Hewitt, Hucklesby, Mann, Notton, and Rucklidge, 1979) . When NO7 was withdrawn from NOj-induced plants, root NRA declined with a half life approximating 12 h (Hanisch ten Cate and Breteler, 1981) . This decline was not affected by the provision of kinetin (Fig. 7) .
DISCUSSION
Nitrate uptake
Nitrogen-depleted roots, as used in our experiments, are presumably low in cytokinins (Drew, Sisworo, and Saker, 1979; Michael, 1979) and at least a number of PGR's, including synthetic cytokinins, did enter the root cells, as witnessed by their effects on nitrate reductase (Table 3) , an intracellular enzyme (Hewitt, 1975) . Exogenous regulators, however, failed to stimulate the induction or rate of NO7 uptake (Table 2 , Fig. 1 ), whereas the immediate and concentration-dependent suppression of NO7 uptake by Ki (Fig. 2) indicates a direct, negative effect of Ki on the uptake mechanism. Although effects of PGR's on plant processes are, generally, more dependent on the prevailing hormonal pattern than on the concentration of individual hormones or groups of hormones (Khan, 1976) , opposite effects of regulators on nitrate uptake were not observed. Our data suggest that exogenous regulators, and possibly endogenous hormones are of minor importance for initial nitrate uptake by roots of dwarf bean.
Nitrate reductase
To our knowledge, induction of nitrate reductase activity by PGR's has not been reported for roots. Cytokinins and GA 3 were able to induce NRA in the absence of NOy, whereas stimulation by Ethephon required the provision of nitrate (Table 3) . Because NO^ uptake is not stimulated by Ethephon (Fig. 1, Table 2 ), the increased NRA presumably originates from an ethylene effect on the intracellular availability of NOj or NADH to already induced enzyme. Under oxygen stress, both the ethylene concentration (Drew, Jackson, and Griffard, 1979) and the reduction of NO7 to NO^ (Lee, 1980) rise in the roots of a number of species, which suggests that the ethylene stimulation of NRA may have physiological significance.
Kinetin-induced NRA in bean roots requires a similar cytokinin concentration, has a shorter or similar lag time, and is much lower in proportion to NOj-NRA than in embryos of Agrostemma githago (Kende et al., 1971; Hirschberg et al., 1972; Kende and Shen, 1972; Kulaeva, Kuznetsov, and Kuznetsov, 1977; Varner and Ho, 1977; Kuznetsov et al., 1979a, b) . The effects of NOj and cytokinins on NRA induction have been reported to be either additive (Kende et al., 1971; Kuznetsov et al., 1979a) or synergistic (Parkash, 1972; Knypl, 1973) . In dwarf bean roots the effects are clearly additive (Figs 5 and 6, Table 3 ).
Ki-NRA can be induced and maintained prior to and in the course of nitrate nutrition, suggestive of two independent NR-fractions with identical properties (Table 5, Fig. 6; Dilworth and Kende, 1974) but with separate control mechanisms. The observation of the additive effects of NOj and Ki was made at saturating concentrations of both NOj (Breteler et al., 1979) and Ki (Fig. 3) , and is another indication for the independence of the two induction processes. Induction of NR by cytokinins, independent of induction by NOj was also suggested by Kuznetsov et al., (1979a) . Ki-NRA, in contrast to NO7-NRA, is inhibited by ABA (Tables 3 and 4) . No effect on NO7-NRA (Radin and Trelease, 1976) , a stimulation of NOj-NRA (Sankhla and Huber, 1975) , and an inhibition of both cytokinin-induced and NOj-NRA (Kende et al., 1971) by ABA have been reported. These contradictory findings render an assessment of the role of ABA in the nitrate and cytokinin induction of NR impracticable and are perhaps caused by differences in hormonal balance between tissues.
Effects of ABA and cytokinins on NR induction are not associated with a reduction of protein breakdown or a stimulation of protein synthesis in general (Roth-Bejerano and Lips, 1970; Kende and Shen, 1972; Varner and Ho, 1977) . The differential effect of some PGR's on NUR and NRA and the lack of Ki effect in the apparent rate of NRA decline in NOj-containing roots (Fig. 7) are in support of this finding. Hewitt (1975) suggested that plant growth regulators may derepress the formation of constitutive NRA, rather than starting enzyme induction. Although at a very low activity, constitutive NR was measured in vivo in roots of dwarf bean (Table 3; Breteler et al., 1979) and its derepression by kinetin would require protein synthesis. The inhibition by tungstate (Table 5) , however, suggests that the synthesis of new enzyme is, at least in part, involved. Although W-Mo exchange may occur even at a large excess of tungstate over molybdate in the medium (atom ratio W: Mo = 10 4 ), the synthesis of functional Mo-enzyme is presumably curtailed considerably under these conditions. NRA development involves authentic enzyme synthesis, as indicated by density labelling of cytokinin-and NOj-induced enzyne (Hirschberg et al., 1972; Kende and Shen, 1972) . Independent of the action of NO^, cytokinins might remove a specific block in genome expression for NR, or cytokinins and NOj could affect the synthesis of separate species of mRNA coding for NR. Both explanations would accommodate for the additive effects of NO^ and cytokinins on root NRA (Figs 5 and 6, Table 3 ) and also could reflect the interaction between phytohormones and NRA in situ. A study of the decay of the two fractions of enzyme activity upon removal of one or both inducers (Fig. 7) might provide a key to further understanding of the mode of action of Ki.
Uptake-reduction association
Kinetin and zeatin stimulated neither the apparent induction nor the rate of NOj uptake (Fig. 1, Table 2 ). On the contrary, kinetin caused a concentration-dependent decrease of initial and steady state nitrate uptake (Table 1, Fig. 2 ). Root NRA, however, responded positively to cytokinins and gibberellic acid (Table 3) . We therefore conclude that at least the NRA fraction induced by plant growth regulators is not related to the process of nitrate uptake and that separate control mechanisms for the induction of uptake and reduction operate in roots of dwarf bean. At the same time, our data prove that stimulation of root NRA by PGR's is not associated with an increased rate of substrate (NOj) penetration.
